For effective integrity management, the reliabilities at times of exposure of pipelines to corrosive environment need to be understood. This paper described the procedure for using Markov modelling and Monte Carlo simulation to determine the reliabilities of internally corroded pipelines.
reliability of corroded pipeline subjected to corrosion while Qian et al. [8] depended on FITNET FFS procedure and Monte Carlo simulation for correlating the effects of corrosion defects on pipeline failure probability. Other researchers such as Pandey [9] , utilized in-line inspection data obtained from a magnetic flux leakage technique for establishing the future time of pipeline inspection in consideration of the probability of failure of corroded pipeline whereas Ahmmed [10] adopted failure model that was based on fracture mechanics. Zhang et al. [11] utilized Monte Carlo simulation in the work, which focused on deterministic approach for corroded pipeline failure probability estimation. Keshtega and Miri [12] applied average shear stress criterion in their own probability estimation of corroded pipelines whereas Breton et al. [13] and Bisaggio and Netto [14] used Bayesian probability approach to estimate the probability risk of corroded pipelines.
Other researchers such as Paik and Kim [15] determined the effect of corrosion on the burst strength of a pipeline elbow by numerically analysing the effects of the internal and external pressure of the corroded elbow on its failure strength using finite element analysis. Other authors [16] used the scatter of corrosion wastage at exposure times to formulate an empirical model that was based on the Weibull function for estimating the future corrosion defect of steel structures exposure to salt water environment.
Although numerous research works have been carried out on pipeline corrosion estimation and probability analysis, there is limited information on failure probability estimation of corroded pipelines using Pipeline Corrosivity Index (PCI). Hence, this work aims to predict the failure probability and estimate the reliability of corroded pipelines in consideration of the retained pipewall thickness of corroded pipeline at a given time. The research will use Markov modelling and Monte Carlo simulation for predicting the survival probability of corroded pipelines at a given time for different corrosion wastage rates whilst using Weibull probability function to calculate the time lapse for pipeline leakage. Markov modelling and Monte Carlo simulation was used for the model developed in this paper because it has been used for estimating the failure probability of corrosion defect growth of corroded pipelines and other structures by numerous researchers [9] [10] [11] [12] [13] . Again, given the successful use of these techniques in different research areas for abstraction from reality, it is will be a useful tool for the prediction of future corrosion defect growth and reliability of pipeline corrosion in consideration of the internal operating pressure of the corroded pipeline. The failure probability of a corroded pipeline that is expected to fail by small leakage, burst and rupture will be determined for different corrosion wastage rates that will be measured with Poisson arrival rate. It is expected that the model developed in this research will be a viable tool for managing the integrity of corroded ageing pipelines.
Damage estimation model of corrosion wastage
Corrosion defect depth of internal corroded pipeline can change with time of exposure of the pipeline to a corrosive environment. This time dependent phenomenon is most predominant between 8 O'clock and 4 O'clock zone of the pipeline because the flow of oil in the pipeline is concentrated in the region. By estimating the corrosion defect depth and length at different time intervals, the wastage rate of the corrosion defects of the pipeline can be determined for a given time according to Eq. (1). The corroded defect depth and length of a pipeline used for the damage estimation model is shown in Figure 1 .
Where CW(t), d and L represents total corrosion wastage at time t, corrosion defect depth and corrosion defect length respectively. It is expected that the corrosion defect depth of the pipeline will increase cumulatively with the increase in the duration of exposure of the pipeline to the corrosive environment. This increase in the corrosion defect depth varies from year to year due to the random nature of corrosion depth growth that is necessitated by the variability in the operational condition of the pipeline [18] , which influences the corrosive condition.
Markovian modelling of corroded pipeline

Rating Corroded Pipelines
Use of pipelines for transporting oil and gas results in their deterioration over time of usage due to the influence of the operating parameters such as, temperature, flow rate, CO2 and H2S partial pressures, water cut, organic and inorganic salt content and sulphate reducing bacteria. This deterioration, which can be caused by erosion and corrosion generally results in the loss of the pipewall thickness. In order to minimize the risk of failure of this asset and plan for the integrity management, it is necessary that the wear of this pipeline is rated. Coincidentally, corrosion accounts for 50% to 75% of downtimes recorded in the oil and gas industry [5, 17] hence, the need for rating pipelines according to the Pipeline Corrosivity Index (PCI) as measured with pipe-wall thickness loss. Despite the fact that internal corrosion, stress corrosion cracking, pitting corrosion and uniform corrosion have gained prominence amongst researchers as can be seen in numerous literatures [2, 14, [18] [19] , it is important to note that to the best of our knowledge, limited information exist about calibrating pipeline failure risk with Pipeline Corrosivity Index (PCI) shown in Table 1 . 
Transition Probability and Pipeline Corrosivity Index (PCI) durations
In order to estimate the transition probability, it was assumed that the pipeline corrosion wastage rate follows a discrete Weibull distribution and have a Poisson arrival rate that is independently exponentially distributed [20] . The statistical best fit, which was determined by considering the probability distribution functions shown in Table 2 and AKaike Information Criterion (AIC) shown in Equation (2), was used in a Monte Carlo simulation (see Figure 2 ). The shape and scale parameters of the discrete Weibull function was used for calculating the failure intensity, transition probabilities and PCI durations according to the expressions in Equations (3) - (5).
where k and L represents the number of parameters and the maximum value of the likelihood function respectively.
where αw, βw, Prtd, DPCI, Tp, η represents scale parameter for corrosion wastage, shape parameter for corrosion wastage, percentage of retained pipe-wall thickness at PCI, PCI duration, transition probability and failure intensity. Exponential: [23] [24] Gamma: [23] Weibull: [21, 23] Generalized extreme value (GEV) [22] [23] where, f(t), , τ, ,λ,α ,β, represents probability density function, mean, standard deviation, shape parameter, scale parameter and location parameter.
The Monte Carlo simulation approach utilized Poisson Square Wave Process (PSWP) [20] , which used
Poisson arrival rates (λt) of 0.25, 0.5 and 0.75 for estimating corrosion wastage rates, PCI durations and lifecycle of the pipeline. It should be noted that the use of varying arrival rates will give an indication of the impacts of different degrees of corrosion wastage rates on the performance of corroding pipelines. The expected time of pipeline leakage (tleak) due to corrosion wastage at times t1, t2, …, ti, ti+1 and the cumulative corrosion wastage (Pcum) at the time of leakage can be expressed using Equations (12) - (14).
Where n represents the number of pulses that will result in the loss of the pipe-wall thickness and is the simulated corrosion wastage at i th pulse.
Performance of Corroded Pipeline
To determine the performance at the Pipeline Corrosivity index (PCI) of an m state vector of an internally corroded pipeline having a transition matrix shown in Equation (15), it was assumed that the PCI will remain in one state or will not drop more than one state in approximately 2 years. This If the vector of the PCI (VR) and the transpose of the vector (VR') shown in Equation (17) and (18) is manipulated, the PCI at a future time t (PCI) can be calculated with Equation (19).
Risk Probability Estimation
The survival probability of the pipelines at the PCIs and the failure rate of the pipelines were modelled as a Weibull probability distribution function following the Maximum Likelihood Estimate (MLE) technique. The probability density function of a Weibull distribution was expressed using the MLE function for the failure times as shown in Equation (20) [21] .
Simplifying Equation (20) by taking the logarithms and differentiating with respect to α and λ whilst equating to zero will result in Equation (21) and (22).
The survivability index over time (SIndex(t)) at the PCIs due to corrosion wastage can be expressed as shown in Equation (23).
Corroded pipeline reliability at the PCIs
The limit state function shown in Equation (24) [24] [25] was used for describing the reliability of the corroded pipelines at the Pipeline Corrosivity Indexes (PCIs).
Where wt, d, rb, rrp , P0 represents pipe-wall thickness, corrosion defect depth, burst pressure, rupture pressure and operating pressure respectively. When g1≤ 0, it is expected that the pipeline will have small leakage [25] . Although research has shown that pipelines may not leak when 80% of the pipe-wall thickness is lost as stipulated in Equation (24), however, it is should be noted that this standard, which is used in the oil and gas industry is aimed at ensuring low risk management of corroding pipelines [25] [26] [27] [28] .
For a bust failure to occur in a pipeline, it is expected that g2≤ 0 [25] . This sort of failure occurs due to plastic collapse and results in more flow than small leak. To calculate the burst pressure of a corroded pipeline requires the use of the standard burst pressure estimation models such as, ASME B31G, modified ASME B31G, RSTRENG, PCORRC, FITNET FFS, shell 92 and DNV RP-F101 [28] [29] . For the purpose of this research, the pipeline burst failure was calculated with FITNET FFS model shown in Equation (25) [30] .
Where D, σuts, σYS, L represents external diameter, ultimate tensile strength, yield stress and corrosion defect length of the pipeline respectively whereas Q, which is the length correction factor is shown in Equation (26) .
For a through-wall failure to occur i.e. failure by rupture, g3≤ 0 [25] . To calculate the rupture pressure, the model developed by Kiefner et al. [29] for pressurized pipe containing through wall flaw reported in references [25] and shown in Equation (27) was used.
where the folias factor (M) is shown in Equation (28) and σf represents the flow stress, which is 90% of the ultimate tensile strength [25, 28] .
The failure state (fs) of a corroded pipeline can be summarized using the limit state function and intersection (∩) of g1, g2 and g3 according to Equation (29) [25, 26, 28 ].
Estimation of Failure Probability of Corroded Pipeline
Monte Carlo simulation [7, [28] [29] [30] has been utilized by some researchers to determine the failure probability of corroded pipelines based on the limit state function [25] [26] whereas others have used First Order Reliability Method (FORM) [7] . In this research, the failure probability (Pf) of the pipelines at the Pipeline Corrosivity Indexes (PCIs) were expressed according to Equation (30) [7, 23] .
Where g(x) represents the limit state variable at the failure states (Equation (24)). Since it is complex to determine the failure probability using integration of the physical variables, estimation procedure based on Monte Carlo simulation has been often utilized in research [21, 26, [28] [29] [30] . After estimating the failure probability, the reliability index (β) can be obtained by using the inverse of the standard normal cumulative distribution function (φ -1 ) according to Equation (31) [7] .
The framework used for the estimation of the failure probabilities at the Pipeline Corrosivity Indexes (PCIs) for small leak, burst and rupture failures is shown in Figure 3 . Poisson square wave process [20, 32] was utilized for determining the time lapse for small leakage, burst and rupture failures in Figure 3 . The statistical best fit of the corrosion defect depths were used for predicting the pipe-wall loss with time lapse of the Poisson arrival rates for small leak. The time taken to loss a fraction of the pipe-wall thickness at a particular PCI (see Table 1 ) was calculated from the simulation whereas the cumulative time required to loss 80% of the pipe-wall thickness was presumed the time for the pipeline failure as initially stated. For burst and rupture failures, 10 3 to 1.5x10 5 simulation runs were carried out for the Poisson arrival rates. The time duration in hours calculated at the simulation runs were compared with the PCI durations computed with Equation (3). The simulation runs whose calculated duration were equivalent to the durations calculated with Equation (3) were used to compute the failure probability at the PCIs according to the computation formulas given in Figure 3 . 
Application to oil and gas transmission pipelines 4.1 Distribution of corrosion defect lengths and depths
To demonstrate the application of the proposed model in this research, Magnetic Flux Leakage (MFL) in-line inspection (ILI) data of X52 grade onshore transmission pipeline was used. This pipeline, which was inspected in 2011 was used for transporting heavy crude in the Niger Delta region of Nigeria. The corrosion wastage analysis and risk estimate of the first 5000 m of this 45,000 m pipeline was analysed in this work. The mean operating pressure of this 457.2 mm external diameter and 7.1 mm pipe-wall thickness pipeline is 3.0 MPa. This 5000 m analysed section of the pipeline has 7613 MFL ILI data points whose characteristic values of the corrosion defect depth and defect length is shown in Table 4 . The statistical best fit distribution determined with Akaike Information Criterion (AIC) is shown in Table 5 . Since lower values of Akaike Information Criterion (AIC) are indications of better statistical fit [33] , it can be deduced from Table 5 that generalized extreme value distribution (GEVD) with shape, scale and location parameters of 0.111, 7.0975 and 17.8781 respectively is the best fit statistics for defect length. Figure 4 shows the field data distribution of the corrosion defect length and the best fit statistical distribution. Table 5 also show that normal distribution with mean and standard deviation of 0.81847 and 0.35958 respectively is the best fitting distribution for the corrosion defect depth whose schematic is shown in Figure 5 . Table 6 shows the Weibull parameters used for determining the time dependent corrosion wastage of the pipeline at the Pipeline Corrosivity Indexes (PCIs) using different Poisson arrival rates whilst Figure 6 shows duration of pipeline exposure as a function of the PCIs. Table 6 indicates that the shorter the Poisson arrival rate, the higher the characteristic life of the pipeline and a resultant increased lifespan of the pipeline as shown in Figure 6 . The effect of the Poisson arrival rates on the reliability and remaining useful life of the pipeline is synonymous to the impact of pitting corrosion categories on pipeline performance [30] . 
Time dependent pipeline corrosion wastage
Reliability analysis at Pipeline Corrosivity Index (PCI)
In order to determine the reliability of the pipeline at the PCIs, the failure probability was determined for small leak, burst and rupture based on the framework shown in Figure 3 . The mean operating pressure of the pipeline was assumed to vary at the rate of approximately ∓10% along the pipeline [34] whereas the value of the ultimate tensile strength and yield stress was adopted from [35] .
For small leak, the failure probabilities across the PCIs is shown in Figure 8 . It could be noted that, despite the fact that the failure probabilities are independent of the operating pressure of the pipeline, the values decreased as the PCI increased. Since lower PCI translates to more time of pipeline exposure (see Table 1 and Figure 6 ), it can be seen that the failure probability increases with time. This is in line with the expectation of ageing corroded pipelines as was shown by other researchers in this area [20, 30, 32] . The figure equally showed that lower Poisson arrival rate (λt=0.25), which resulted in lower corrosion wastage has higher failure probabilities than other Poisson arrival rates. This is not abnormal seeing that the length of time of exposure of the pipeline at the PCIs for different Poisson arrival rates are not the same.
The burst failure and rupture failure have been significantly impacted by operating pressures. The failure probability for burst and rupture related failures of this pipeline is shown in Figures 9 and 10 respectively. These figures also indicated that the failure probabilities increased with the increase of the duration of pipeline exposure to corrosion, however, the risk of failure by rupture at the Poisson arrival rates are generally lower than that of burst failures. Based on the information in Figures 8, 9 and 10 and assumption that this pipeline fails after PCI1, it can be seen that there exist between 33-41 times more chances of the pipeline having a small leakage than burst failure and approximately 203 to 257 chances of small leakage than rupture failure across the Poisson arrival intervals. There is only about 6 times more chances of failing by burst than rupture with respect to the Poisson arrival rates. This scenario holds where there is uniform corrosion wastage on the pipeline across its service life. However, due to localized corrosion and fatigue stress, it causes on the pipelines [35] [36] , it may be difficult to consistently expect pipeline leakage as a predominant pipeline failure mechanism as evidence abound on burst and rupture failures of corroded pipelines from localized pitting .
The reliability index of the pipeline due to small leakage, burst and rupture failures is shown in Figures 11, 12 and 13 respectively. As expected, the reliability indexes decreased with the increased time of exposure of the pipelines for failure by small leakage. This is similar to the finding of other researchers in this area [7, 38] . For burst and rupture failures, there is only a slight change in the reliability indexes across the PCIs as time of exposure of the pipeline increases. This may not be unconnected with the small failure probabilities at the PCIs. 
Conclusions
This work used Pipeline Corrosivity Index (PCI), which depended on the fraction of pipe-wall thickness retained at a given time to predict the future corrosion wastage and reliability of the pipeline. The probability of failure of internally corroded pipelines that are expected to fail by small leakage, burst and rupture were considered. The research showed that:
 The failure probability of the internally corroded pipelines decreased as the time of exposure increased, with the failure probability of pipelines expected to fail by bursting slighting lower than those expected to fail by rupture.
 Pipelines are more likely to fail by small leakage than bursting and rupture for an internal corroded pipeline that is devoid of other defects.
 There are 33 -41 times and 203 -237 times more chances of having bursting and rupture failures respectively of an internally corroded pipeline than small leakage.
 The reliability of corroded pipeline decreased with increased corrosion wastage that was necessitated by increased time of exposure of the pipeline to corrosive condition. However, there is only a slight change in the reliability of pipelines expected to fail by bursting and rupture.
It is also evident from this work that the increased rate of corrosion wastage will result in reduced time of pipeline failure due to small leakage but may not significantly impact on the burst and rupture failure of pipelines without addition defects.
